THE INVOLVEMENT of heat-shock genes (more generally, stress-response genes) in the acute acclimation response to high-temperature stress was first reported in Drosophila melanogaster 40 years ago (38) , and it has now been characterized in Bacteria, Archaea, and Eukarya (5) . This response has been extensively studied (reviewed in Refs. 4, 20, 44) , and it is evolutionarily conserved across domains (5, 31) . Although it is well established that the heat-shock and other inducible genes play important roles in the phenotypic response to acute temperature stress (21) , it is unclear how they contribute to genetic adaptation at prolonged high temperature. Distinguishing between genotypic and phenotypic stress responses is especially important given the need to understand the range of biological responses to global temperature change. It is possible that the same genes that are most important in acute acclimation responses also change during long-term evolution under stressful conditions. Alternatively, evolutionary responses may involve additional genes or even an entirely different set of genes.
To rigorously distinguish between these hypotheses, one must specify a priori the set of candidate genes, as opposed to formulating and testing hypotheses after data has been collected. The 35 candidate genes considered here are classified as heat inducible; they include genes whose protein products are synthesized at higher rates when a growing culture is shifted from 37°C to 42°C (43, 44) . These increases in rates of protein synthesis are controlled primarily at the transcriptional level by two transcription factors, E and H (33, 44, 45) . The 35 candidate genes include 9 that encode molecular chaperones, 9 that are associated with ATP-dependent proteases and the degradation of damaged proteins, 3 involved in protein folding and degradation of abnormal proteins in the extracytoplasmic space, 3 that encode RNA polymerases, 1 related to amino acid metabolism, 1 involved with carbohydrate metabolism, 1 involved in lipopolysaccharide metabolism, 1 GTP-binding protein, 1 involved in tRNA modification, and several others with various protective functions (44) . The protein products of 8 candidates are membrane associated or function in the extracytoplasmic space, whereas the remaining 27 are cytoplasmic (Table 1) . Genes other than these 35 candidates could be involved in evolutionary adaptation to high temperature, and some others might even be regarded as candidates using other criteria. However, these candidate genes can be used to test whether heat-inducible genes are also involved in evolutionary adaptation to high temperature. Our study examines evolutionary changes in the expression of these 35 candidate genes in three lines of Escherichia coli that evolved at 41.5°C for 2,000 generations. We test the specific hypothesis that these heat-inducible genes were targets of selection during the evolutionary adaptation to high temperature.
Evolved changes in gene expression were examined by comparing the high-temperature-adapted lines with their ancestor, during growth at the same high temperature (41.5°C) at which the lines had evolved. These data allow us to test whether evolved changes in heatinducible gene expression are associated with increased fitness at a stressful high temperature and whether similar changes in gene expression occurred repeatedly in the independently derived lines. In a separate experiment, we also measured another aspect of the heat-shock response [survival at lethal temperature (50°C) following acclimation to a high, but nonlethal, temperature] to determine whether inducible thermotolerance at the level of organismal performance had changed during evolutionary adaptation to high temperature.
The pattern of evolutionary change in the expression of heat-inducible genes may vary depending on the nature of the adaptive response. If the expression of an individual gene were itself specifically important for high-temperature adaptation, then one would expect to see its repeated, independent evolution in several lines. If, instead, the overall organism-level integration of the expression of the heat-inducible genes as a group were more important for high-temperature adaptation, then many different genetic solutions to this challenge would be possible, leading to heterogeneous patterns of gene expression in the independently derived lines. For example, high-temperature adaptation may involve changes in the expression of different molecular chaperone-encoding genes in each line, rather than altered expression of the same chaperone in all of the evolved lines.
A previous study of these high-temperature-evolved E. coli lines showed some evolutionary parallelism at the level of gene duplication and deletion events; however, none of the regions of gene duplication and deletion contains genes that are known to be heat inducible (37) . The experimental design and levels of replication used in the present study allow us to determine whether evolved changes in heat-inducible gene expression are parallel or heterogeneous across lines. Alternatively, if the heat-inducible genes are important only in the acute acclimation response to temperature stress, then we should observe no evolutionary changes whatsoever in their expression.
MATERIALS AND METHODS

Derivation of E. coli Lines
The bacteria used in this study were derived from E. coli B strain Bc251, later designated REL606, which is unable to use arabinose (Ara Ϫ ) due to a revertible mutation (28, 29) . This strain carries no plasmids or functional phages, and thus it is strictly clonal. The derivation of the lines used in this study involved two stages of experimental evolution under defined conditions (Fig. 1) . First, starting with REL606, a number of populations were serially propagated for 2,000 generations at 37°C in Davis minimal medium with 25 g/ml glucose (designated DM25), as previously described (29) . Each day, populations were diluted 100-fold into fresh medium, requiring about 6.6 (ϭlog 2100) generations of binary fission to offset the serial dilution. Evolutionary adaptation to these conditions was evidenced by gains of ϳ30%, on average, in competitive fitness relative to the parent strain (29) . A clone (designated REL1206) was isolated from one of these 37°C-evolved populations, and another clone (REL1207) was obtained from it that differed only by a single mutation that restored the ability to grow on arabinose (Ara ϩ ) (9) . The Ara marker is selectively neutral in the glucose medium at the temperatures used in our study, and it is used as a marker in competitive fitness assays (9) . The Ara Ϫ clone served as the ancestor for three new populations that were propagated for 2,000 additional generations under the identical conditions, except these lines were maintained at 41.5°C. Single clones were then isolated from each line; they are individually designated 42-1, 42-2, and 42-3, and they are collectively referred to as the "42 group" (Fig. 1) . These high-temperature lines experienced an average fitness gain of about 40% based on competitions at 41.5°C with the reciprocally marked 37°C-evolved ancestor (7) . In fitness assays, both competitors were inoculated from freezer stocks and separately acclimated to the assay environment prior to mixing them; therefore, any phenotypic differences must result from underlying genetic changes that occurred during the experimental evolution.
Measurement of Inducible Thermotolerance
An experiment was performed to measure differences in survival at 50°C between the ancestral and high-temperature-evolved lines, following acclimation to either 37°C or 41.5°C. First, the Ara ϩ ancestor and the three evolved clones (42-1, 42-2, and 42-3) were separately inoculated from freezer stocks into 10 ml of Luria broth and grown overnight at 37°C. Each culture was then diluted 10,000-fold into DM25 and incubated at 37°C for 24 h. Next, equal volumes of an evolved clone and the ancestor were mixed, diluted 100-fold into fresh DM25, and grown together for 24 h under two acclimation conditions: 37.0 Ϯ 1.0°C (in an air incubator) or 41.5 Ϯ 0.5°C (in a water bath). All three evolved-ancestor mixtures were replicated sixfold at each acclimation temperature. Samples of each mixed culture were plated on tetrazolium-arabinose indicator agar (29) , on which Ara Ϫ and Ara ϩ cells produce red and white colonies, respectively, to determine the initial densities of the two types. The cultures were then transferred to 50°C (in another water bath), and after 4 h, a final sample was plated to determine the density of survivors of the evolved and ancestral types. The survival of each type was calculated as the natural log-transformed ratio of its final to initial density; the larger (less negative) this number, the greater was the survival at 50°C. By examining the survival of the ancestral and evolved types in mixture, any slight variation in temperature is experienced by both types.
Bacterial Culture Conditions and Total RNA Extraction
Cultures were inoculated from freezer stocks into 10 ml Luria broth and incubated at 37 Ϯ 1.0°C for 24 h; then diluted 100-fold into 10 ml DM500 and incubated for 24 h at 37°C; and finally diluted 100-fold into the same media and incubated for 24 h at 41.5 Ϯ 0.5°C in a shaking water bath at 120 rpm. The next day, cultures were again diluted 100-fold into 10 ml DM500 and incubated at 41.5°C in a shaking water bath, and total RNA was isolated (RNAqueous, Ambion) from cells in mid log-phase growth (Fig. 2) . Ten milliliters of culture was poured over ice in a sterile, RNase-free 50-ml centrifuge tube and spun down at 3,000 g for 3 min. The cell pellets were used for RNA extraction. Once isolated, RNA was treated with DNase (Promega) twice to ensure it was free of DNA contamination. Following DNase treatment, total RNA was resuspended in DEPC-treated water and used in cDNA synthesis reactions. All RNA preparations were performed with RNase-free supplies and DEPC-treated liq- uids. Total RNA was isolated from three independent logphase cultures for each of the clones (3 evolved and 1 ancestral), for a total of 12 RNA preparations. RNA isolations were performed in blocks (Fig. 3) , such that the four RNA samples hybridized to a given membrane were isolated on the same day from cultures that had grown in the same water bath. Data were analyzed by pairing ancestral and selected samples isolated in the same block.
Random Hexamer-primed cDNA Synthesis and Labeling
For cDNA synthesis, 20 g of total RNA and 37.5 ng of random hexamers were heated at 70°C for 3 min and then snap cooled on ice. cDNA synthesis was performed at 42°C for 3 h in a 60-l reaction containing the previously denatured RNA and random hexamer combination, reverse transcriptase buffer (Stratagene), 1 mM each of dATP, dTTP, and dGTP (New England Biolabs), 50 Ci [␣-
33 P]dCTP (New England Nuclear), 20 U RNasin (Promega), and 100 U SuperScript reverse transcriptase (GIBCO-BRL). The labeled cDNA was separated from unincorporated nucleotides using Probe Quant G-50 Micro columns (Amersham Pharmacia).
DNA High-density Array Hybridization
Panorama E. coli high-density gene arrays (Sigma Genosys) have all 4,290 E. coli K-12 open-reading frames (ORFs) arrayed in duplicate on 12 ϫ 24-cm nylon membranes. The membranes were soaked in 2ϫ SSPE for 10 min, then were prehybridized in 10 ml of hybridization solution (5ϫ SSPE, 2% SDS, 1ϫ Denhardt's, 0.1 mg/ml sheared salmon sperm DNA) for 1 h at 65°C. After separation from unincorporated nucleotides, the 33 P-labeled cDNA probe was boiled for 10 min and snap cooled on ice. This probe was added to 7.5 ml of hybridization solution and left to hybridize overnight at 65°C. After hybridization, each membrane was washed with 50 ml of 0.5ϫ SSPE containing 0.2% SDS at room temperature three times for 3 min each, followed by three washes in the same solution at 65°C for 20 min each. Each membrane was wrapped in plastic and exposed to a phosphor screen for 48 h, which was scanned at 88 m using a Molecular Dynamics PhosphorImager. Membranes were stripped as previously described (37) . Note that the use of the K-12 genomic sequence in the construction of the high-density array precludes examining any E. coli B genes absent in K-12. However, published work (supplementary information in Ref. 37) hybridizing total genomic DNA to these arrays indicates that all 35 heat-inducible genes identified in K-12 are also present in the B strain that was the ancestor in the hightemperature selection experiment. Also, none of these heatinducible genes is present in the large duplications previously reported (37) , although the methods used were unable to reliably detect small duplications (Ͻ2 ORFs). Because we are comparing the 37°C-evolved ancestor to the high-temperatureevolved lines, any genetic changes that occurred before the isolation of this ancestor are not relevant to the present study.
Data Acquisition
We used DNA Arrayvision 4.0 (Imaging Research, London, Ontario, Canada) software to grid the phosphor image, record the pixel density of each spot, and perform background subtractions. The average background was subtracted from each measurement on the same membrane, because background readings were fairly constant across a particular membrane. Background-subtracted values were used in the statistical analyses.
Experimental Design and Statistical Analyses
The experimental design for this study entailed three independent cDNA labelings and hybridizations for each of the four clones, the Ara Ϫ ancestor and three high-temperature-evolved derivatives (42-1, 42-2, and 42-3). Each preparation was hybridized to one of three membrane arrays, and an entire block was hybridized to the same membrane array (Fig. 3) .
The expression level for each spot was normalized by scaling the background-subtracted expression level to the total count on the membrane. Thus a positive value indicates expression above background, whereas a value equal to zero indicates expression at (or slightly below) background. Because every ORF is arrayed in duplicate on each membrane, the two values were averaged for each gene. Differences between the natural log-transformed expression values of each evolved line and the ancestor were calculated, and these differences were then averaged across replicates. The standard deviation is then the standard deviation of the three differences associated with each replicate within an evolved/ ancestral line comparison. Differences were tested statistically using the paired-data analysis option from Cyber-T (http://www.igb.uci.edu/servers/cybert/), a web-based program written in the R statistical programming language (http://www.r-project.org) for the paired t-test using a Bayesian estimate of the standard deviation to assign P values (6, 32) . Ancestral and derived samples isolated on the same day were paired in the analysis. The paired t-test evaluates whether the mean difference between two samples (e.g., ancestor and 42-1) is significantly different from zero; it employs the mean difference between paired samples relative to the variance in these differences, whereas a standard t-test uses the variance within samples. The Bayesian estimate of the standard deviation is a weighted average of the observed standard deviation and a prior estimate of the standard deviation based on genes with similar expression Fig. 3 . Experimental design for expression array studies of the Ara Ϫ ancestor and its three high-temperature-evolved derivatives. In each of three blocks (labeled A-C), the four clones were grown simultaneously and corresponding hybridizations used the same membrane. Statistical analyses of data within a block used a paired approach, in which evolved samples were paired with the ancestral sample from the same day (see MATERIALS AND METHODS). http://physiolgenomics.physiology.org/ levels. The Bayesian P values were obtained from Cyber-T for each paired t-statistic using 11 df [(n ϭ 3) ϩ (v0 ϭ 10) Ϫ 2], a weighting of 10 for the Bayesian prior (v0), and a sliding window of 101 genes (the latter two being the default settings for Cyber-T). Because the paired analysis evaluates differences in expression values and not the raw values, we provided Cyber-T with an estimate of the absolute expression level by summing the natural log-transformed expression levels for the relevant lines, to obtain the Bayesian estimate of the standard deviation.
We chose to employ the paired analysis because the "block effect" associated with the day of RNA isolation was substantial; by performing paired analyses, one effectively eliminates this source of variation. The paired analysis compares only the samples that were isolated on the same day from cultures growing in the same water bath. This approach may be especially useful for studies at high temperature, where even small fluctuations have been demonstrated to have large effects on organismal performance in this system (8) .
Analysis of heat-inducible genes. Genes that encode 43 heat-inducible proteins (including molecular chaperones, ATPdependent proteases, and others) were previously identified (44) . Of these 43 candidates, 35 gave expression readings above background for all 3 replicates in all 4 clones in this study, and these 35 are included in our analyses (the others are not considered further). A total of 1,964 genes produced readings above background for all replicates in all lines.
Analysis of the heat-inducible genes as a group.
To analyze evolved expression changes in the heat-inducible genes as a group, a statistic was calculated that summarizes the statistical support integrated over all the candidate genes; equals the sum of the natural logarithms of the P values over all 35 genes over all three evolved lines (a total of 105 values). The significance of this statistic is assessed using a chi-square test (41) with 210 df (2 ϫ 105). Alternatively, using all other above background gene from the array, one can obtain the empirical distribution of . This is accomplished by randomly sampling groups of 35 genes (from those that gave readings above background) 10,000 times without replacement and calculating for each sample. This analysis can also be carried out at the level of individual evolved lines by randomly sampling groups of 35 genes 10,000 times without replacement within a given line.
Analysis of individual candidate genes over evolved lines.
To analyze expression changes in individual heat-inducible genes over evolved lines, the natural logarithms of the three P values for a given gene (one value from each derivedversus-ancestral comparison) were summed, and the significance was tested using a chi-square test with 6 df (2 ϫ 3 lines). Notice that this test statistic could be significant for the group as a whole even if changes are in the opposite direction in independently derived lines, provided the P values are sufficiently strong for the individual lines.
Analysis of individual candidate genes in independently derived lines. To visualize patterns of gene expression, a custom program was written in the R language to create "Eisen diagrams" (Ref. 18 ; the R code for the program is available as Supplemental Material at the Physiological Genomics web site), 1 except that here the color scale is proportional to the paired t-statistics (i.e., statistical support for change) rather than to fold change. Previous work in E. coli and D. melanogaster (3, 23, 32) has shown that statistical significance in replicated expression profiling experiments does not necessarily scale with fold change. Paired t-statistics were obtained from Cyber-T and tested with 11 df [i.e., (n ϭ 3) ϩ (v 0 ϭ 10) Ϫ 2]. Genes with reduced expression in the derived lines relative to the ancestor are shown in shades of blue, and those with increased expression relative to the ancestor are shown in yellow (Fig. 4) . The genes indicated in brighter shades have larger fold changes in expression, smaller variation in expression (suggesting tight regulation), or some combination thereof. That is, large absolute values of the t-statistic are expected when the paired differences between ancestral and evolved samples are large relative to the variance across replicate pairs. We defined those genes that had changes in the same direction (i.e., increased or decreased) in all three evolved lines, with each significant at P Ͻ 0.05, as exhibiting strong evolutionary parallelism, or replicability. Genes showing moderates levels of replicability were defined as those with changes in the same direction across all three lines, of which only two were significant (P Ͻ 0.05).
RESULTS
41.5°C Is Stressful
Despite being Ͻ5°C above the ancestral temperature of 37°C, 41.5°C is stressful to the ancestral strain in terms of reducing both growth rate and yield. The growth rate of the ancestor is about 10% lower at 41.5°C than at 37°C, and its biovolume yield (i.e., total cell volume at stationary phase) is 56% lower at 41.5°C than at 37°C (unpublished data, A. F. Bennett and A. J. Cullum). The three lines that evolved at 41.5°C are 42% more fit, on average, than the ancestor when competing at that temperature (7). Table 2 and Fig. 4 summarize the evolutionary changes in expression patterns of the heat-inducible candidate genes. These changes include both increases and decreases in expression levels of individual genes. The set of Ara Ϫ -derived lines (42-1, 42-2, and 42-3) exhibits a significant difference from the ancestor in the overall pattern of expression of the 35 candidate genes ( ϭ Ϫ129.76). Based on a random sampling of 10,000 groups of 35 genes each, the probability of obtaining a -statistic as or more extreme than the value observed is only 0.007. Based on chi-square with 210 df (2 ϫ 3 lines ϫ 35 genes per line), this difference in expression is also significant (P Ͻ 0.01). At the level of individual evolved lines, the group of 35 candidate genes shows changes in expression compared with the ancestor (42-1, ϭ Ϫ44.74, P ϭ 0.18; 42-2, ϭ Ϫ42.33, P Ͻ 0.05; 42-3, ϭ Ϫ42.69, P Ͻ 0.03). Despite the lowest -statistic, the change is not significant in 42-1, because of a greater number of statistically significant differences among noncandidate genes; however, if one tests the statistic for 42-1 (Ϫ44.74) against distributions for 42-2 and 42-1, the result is highly significant (P Ͻ 0.02).
Evolutionary Change In Heat-Inducible Gene Expression
At the level of individual candidate genes, 7 of 35 exhibit significant differences in expression between the group of high-temperature-evolved lines and their ancestor, as assessed by chi-square tests with 6 df (2 ϫ 3 lines). The genes with significant changes in expression include three involved with the stress response in the periplasmic space: rpoE, an RNA polymerase gene; and fkpA and ppiD, both peptidyl-prolyl cis-trans isomerases that promote protein folding. Of the remaining 4, clpP is the proteolytic subunit of ATPdependent proteases; hstT encodes a heat-shock protein that binds heat-denatured proteins and prevents their aggregation; gapA encodes the protein that converts glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate during a pivotal step in glycolysis; and htpX is a probable protease. Of these seven genes, six exhibit parallel changes in the evolved lines, with four having increased (rpoE, fkpA, clpP, gapA) and two (ppiD, hslT) decreased gene expression in all three lines. The remaining gene, htpX, shows heterogeneous expression changes across lines.
We now move from analyzing genes with changed expression in the set of three evolved lines, taken as a group, to considering the pattern of changes in individual lines. Of the 35 candidate genes, 27 show no significant differences in expression between any individual line and the ancestor, 5 show significant changes in one line, 2 show changes in two lines, and 1 gene exhibits expression differences from the ancestor in all three of the independently derived lines (all with P Ͻ 0.05). The probability of a particular gene showing significant changes in all three independently derived lines by chance alone is 0.05 3 ; the probability that one or more genes of 35 would exhibit this pattern by chance alone is 1 Ϫ (1 Ϫ 0.05 3 ) 35 Х 0.004. Of the 35 candidate genes, gapA had increased expression in all three derived lines (P Ͻ 0.05), indicating a high degree of evolutionary replicability; whereas fkpA and hslT showed moderate replicability (i.e., all three lines with expression changes in the same direction, with two significant at P Ͻ 0.05). None of the genes show significant changes in opposite directions in different evolved lines, but two (dnaK, htpX) show significant changes in expression in one direction in one line and nonsignificant changes in the opposite direction in another line ( Table 2 ). The average number of expression changes within an evolved line is 4.
It has been customary in analyzing data from expression profiling experiments to use an arbitrary threshold of twofold to identify genes of biological importance in the context of the experiment. However, when adequate levels of experimental replication and statistical tests are employed, many genes showing significant changes in expression fall below this arbitrary threshold. In fact, all seven of the heat-inducible genes that show significant differences between the ancestor and the group of high-temperature-evolved lines differ, on average, by less than twofold ( Table 2) . The largest proportional change between the ancestor and the mean of the evolved lines was ϩ1.76-fold for gapA. The expression of rpoE increased on average by only ϩ1.37-fold in the evolved lines, but this change was nonetheless significant because its magnitude was highly consistent across the three lines. Only 2 of the 12 significant changes in individual lines show greater than twofold changes (ppiD in 42-2, fkpA in 42-1). Moreover, some noncandidate genes (see next section) that changed more than twofold are not significant (P 0.05), whereas others that changed less than twofold are significant. Thus there is no general correspondence between this arbitrary fold-change criterion and statistical significance.
Whole Genome Results
We focused our attention on candidate genes for the biological reasons explained in the Introduction. We also sought to apply rigorous statistical analyses, while avoiding becoming mired in the numerous signals, including false positives, that one expects when thousands of dependent variables (the number of ORFs on the arrays) are simultaneously subjected to statistical tests (12) . Nonetheless, the whole-genome expression patterns are briefly summarized here, to contrast candidate and noncandidate genes. In the Ara Ϫ lines, there were 1,929 noncandidate genes that showed expression levels above background level in all three evolved lines and the ancestor. Of these, 137 (7%) differed significantly (P Ͻ 0.05; based on chi-square with 6 df) between the ancestor and the average evolved line. Although this proportion is slightly above the 5% expected by chance alone, it is significantly less than the 7 of 35 (20%) among the candidate genes (P ϭ 0.0037, one-tailed chi-square test). Furthermore, candidate genes are more likely to exhibit either moderate or high levels of replicability across independent lines, as defined previously (3/35 candidate genes vs. 36/ 1,929 noncandidates: P ϭ 0 .005 by chi-square test). In summary, although there were significant changes in expression of some noncandidate genes, the 35 candidate genes identified from previous work on shortterm, acclimation responses to high-temperature stress (44) were significantly more likely to have altered expression levels during the long-term, evolu- tionary response to the high-temperature selection regime.
Evolutionary Changes in Inducible Thermotolerance
Following acclimation at 41.5°C for 24 h, all three high-temperature-evolved lines survived a 4-h exposure to 50°C better than when they were acclimated instead to 37°C (P Ͻ 0.05, Fig. 5 ). This difference confirms the persistence of inducible thermotolerance in the evolved lines. Moreover, two of the three lines (42-1 and 42-2) survived significantly better than did the ancestor at 50°C after acclimation to 41.5°C (both P Ͻ 0.01), as did the three lines considered as a group (P Ͻ 0.05), indicating that the degree of thermotolerance had evolved.
DISCUSSION
Three lines of E. coli evolved for 2,000 generations at 41.5°C, a stressful but nonlethal temperature (Fig. 1) . Compared with the ancestor, these lines show significant and extensive changes in competitive fitness at 41.5°C (7), growth rate at 41.5°C (Fig. 2) , heat-inducible gene expression ( Table 2 , Fig. 4 ), and inducible thermotolerance (Fig. 5) . Because of the fact that all strains are removed from the freezer and acclimated in parallel to the same experimental conditions, we know that significant differences in phenotype must be caused by underlying genetic changes, even though the precise mutations are unknown. These results support the hypothesis that increased fitness at high temperature is associated with altered patterns of heat-inducible gene expression compared with the ancestor. Many of the evolved changes in heat-inducible expression were parallel, such that the three lines either all increased or all decreased their expression levels. Of the seven candidate genes whose expression changed significantly in the evolved lines as a group, six show parallel changes: four have increased (rpoE, fkpA, clpP, gapA) and two (ppiD, hslT) have decreased gene expression in all three lines; the seventh such gene (htpX) has diverged in its expression across the evolved lines ( Table 2 ). None of the 35 candidate genes show significant changes in opposite directions in different lines, but two genes (dnaK, htpX) show significant expression changes in one direction in one line and nonsignificant changes in the opposite direction in another line. Therefore, in addition to parallel evolutionary changes in expression of heat-inducible genes, there appear to be various combinations of expression changes that can increase fitness at high temperature. Three replicate evolved lines are inadequate to fully resolve the parallel vs. divergent pattern of changes; many more replicate lines would be useful for addressing this issue. Also, not all of the heat-inducible genes participated in evolutionary adaptation to high temperature. Therefore, there are substantial differences in gene expression between bacteria phenotypically acclimated to high temperature (i.e., ancestors grown at 41.5°C) and those that have adapted genetically as well as acclimated phenotypically to high temperature (i.e., evolved lines selected and grown at 41.5°C).
Comparison of Candidate and Noncandidate Genes
Our decision to focus on the heat-inducible genes as candidates for evolutionary adaptation was based on two considerations. First, because the heat-inducible genes are involved in physiological acclimation, they are functionally meaningful candidates for involvement in genetic adaptation as well. Second, with more than 4,000 genes in the E. coli genome, it is difficult to make sense of all the expression changes simultaneously. The decision to focus on an a priori set of candidate genes is supported by our finding that a significantly higher proportion of these genes underwent evolutionary changes in expression than did all other noncandidate genes as a group. The fact that 20% of the heat-inducible genes exhibited an evolved response across evolved lines confirms overlap between the genes involved in physiological acclimation and genetic adaptation. The expression changes observed in the noncandidate genes will require additional study to determine how many and which ones are biologically meaningful as the 7% statistically significant noncandidate genes is only slightly above the 5% proportion expected by chance alone.
Evolved Changes in Expression of Several Heat-inducible Genes
Genes that show similar changes in expression across the evolved lines provide evidence for the repeatability of evolutionary adaptation at the level of gene expression. These repeatable changes in expression complement and extend previous evidence for parallel gene duplications in some of these same evolved lines (37) . However, none of the heat-inducible genes examined in this study are present in the previously identified regions of gene duplication. The gapA gene exhibited the most pronounced evolutionary parallelism of the 35 candidate genes, with all three lines showing increased expression that was significant for each line individually as well as the set of three lines taken together (all p Ͻ0.05). This gene encodes GapA, the most efficient of three E. coli isoenzymes that phosphorylate glyceraldehyde 3-phosphate to produce 1,3-biphosphoglycerate in a crucial step during glycolysis (40) . The gapA gene is transcribed from one of four promoters, depending on environmental conditions, thereby apparently ensuring survival under varying and poor conditions. The second promoter is recognized by the heat-shock RNA polymerase, H , such that transcription of gapA is maintained under temperature stress (11) .
Two other genes, fkpA and hslT, exhibit evolutionary parallelism in expression that is less pronounced than for gapA but nonetheless is compelling. In fkpA and hslT, there were significant changes in the high-temperature-evolved lines as a group and significant expression changes (P Ͻ 0.05) in two of the three individual lines, and the third line showed changed expression in the same direction. The expression of fkpA increased, whereas that of hslT declined, in the evolved lines (Fig. 4) . FkpA, the protein product of fkpA, is one of three soluble peptidyl-prolyl cis-trans isomerases (PPIases) in the periplasm of E. coli (13) . In general, PPIases accelerate protein folding. FkpA has been shown to interact with early protein-folding intermediates, thus preventing their aggregation, and to play a role in the reactivation of inactive proteins by binding to unfolded polypeptides and releasing others to a synthesis pathway. Null mutations in fkpA have been shown to stimulate transcription of another gene, htrA (degP), that encodes a periplasmic protease, evidently because the absence of FkpA compromises extracytoplasmic protein folding and thereby causes an increased need for extracytoplasmic proteases (34) . In a previous study of the response to an acute temperature stress (sudden shift from 37-50°C) in E. coli strain K-12 (36) , neither gapA nor fkpA exhibited altered expression levels, possibly highlighting the difference between the short-term acclimation response and the long-term evolutionary response, although differences in strains and other culture conditions might also be involved particularly the difference in responses to 41.5°C and 50°C.
The expression of hslT was reduced in the lines that evolved at 41.5°C (Fig. 4) . HslT is a small heat-shock protein that binds heat-denatured proteins and holds them in a nonaggregating state (33) . Although overexpression of HslT does increase resistance to heat and other stresses, null mutants are no more susceptible to high temperature than are wild-type cells, indicating that HslT is nonessential at high temperature (24) . As was previously suggested (24) , other chaperones may compensate for the lost HslT function. In any case, our finding of lower hslT expression after long-term evolutionary adaptation to high temperature stands in contrast to the large increase in hslT expression following acute temperature stress (36) .
Five other genes, clpP, dnaK, htpX, ppiD, and rpoE, show significant changes in expression in only one of the three evolved line, although in four of them (clpP, htpX, ppiD, and rpoE) other lines had sufficiently similar responses that the overall change in the evolved lines as a group was also significant (Fig. 4) . The expression level of clpP increased in the evolved lines; it encodes the proteolytic subunit of two ATP-dependent proteases that are important in the degradation of misfolded proteins. The expression of dnaK also tended to increase in the evolved lines; it encodes the prokaryotic homolog of the HSP70 molecular chaperone gene found in eukaryotes. The expression of htpX increased in two lines and declined in a third; it encodes a putative protease, and mutants with htpX disrupted can grow at all temperatures and show no obvious phenotypic effects (26) . Expression of ppiD tended to decline in the evolved lines; it encodes a PPIase and is the only member of the H regulon that has been shown to date to participate in folding noncytoplasmic proteins. Null mutations in ppiD reduce the folding of outer-membrane proteins and cause induction of the periplasmic stress response (15) . The expression of rpoE increased in the high-temperature-evolved lines. It encodes an RNA polymerase, E , that controls transcription of genes involved in the extracytoplasmic stress response, which leads to proper protein folding in the periplasmic space as well as inner and outer membranes (35) . In an earlier study of the acute response of E. coli to high temperature, rpoE was upregulated (36) , but the extent of this phenotypic response was much greater (5-to 15-fold) than the evolutionary response during long-term propagation at constant high temperature. Similar differences between acute and evolved responses exist for clpP, dnaK, and htpX expression. Such differences emphasize the need to distinguish between phenotypic acclimation and genetic adaptation in understanding changes in gene-expression profiles.
Absence of Evolutionary Change In Expression of Other Candidates
Although the 8 candidate genes discussed above underwent evolutionary changes in expression in one or more of the evolved lines, the other 27 did not. For example, in contrast to the parallel acclimation and evolutionary stress responses of rpoE expression, rpoD exhibits an acclimation response but showed no evolutionary change in its level of expression. The rpoD encodes the RNA polymerase,
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, responsible for the transcription of a majority of genes expressed during exponential growth (21) . The constancy of rpoD expression during evolutionary adaptation to high temperature presumably ensures the appropriate transcription of many genes that are generally important for bacterial growth. It should also be noted that changes in rpoD expression during other growth phases, or under other culture conditions, cannot be excluded. Our expression data were obtained for cells in mid log-phase growth, at the same temperature and in the same medium in which the experimental evolution took place, except that a higher glucose concentration was used for this array study to provide a higher yield of RNA.
Expression Changes Across Genes of Similar Function
Many of the heat-inducible candidate genes encode either molecular chaperones or ATP-dependent proteases (Table 1 ). In fact, the nine genes in each of these functional categories together make up over half of the heat-inducible candidates examined in this study. The chaperone-encoding genes (dnaK, dnaJ, grpE, hslT, htpG, mopA, mopB, yrfI, and yrfH), as a group, had significantly different expression profiles in evolved line 42-1 compared with the ancestor ( ϭ Ϫ17.85, P Ͻ 0.0076, df ϭ 9 genes ϫ 2 ϭ 18), whereas neither of the other evolved lines underwent significant changes in molecular-chaperone gene expression (line 42-2, P ϭ 0.75; line 42-3, P ϭ 0.63). This difference is particularly interesting because line 42-1 has significantly higher fitness at high temperature than do the other evolved lines; moreover, 42-1 is the only one of the high-temperature lines to have extended the upper limit of its thermal niche, and it is also the only one to have lost fitness at lower temperatures (8) . This pattern suggests that expression of the chaperone-encoding genes may be responsible for these extreme responses, although this should be viewed at present as a hypothesis for further study. As a group, the nine heat-inducible genes encoding ATP-dependent proteases (clpA, clpB, clpP, clpX, hflB, hslU, hslV, htpX, and lon) show no significant changes in expression for any of the evolved lines relative to the ancestor (line 42-1, P ϭ 0.47; line 42-2, P ϭ 0.20; line 42-3, P ϭ 0.10). Although the genes that produce the molecular chaperones and ATP-dependent proteases represent a large fraction of the acute response to high-temperature stress, neither group appears to be the main player in the long-term evolutionary response to this same stress.
Both ppiD and fkpA encode peptidyl-prolyl cis-trans isomerases that accelerate outer-membrane and periplasmic protein folding (1; Table 1 ). The evolved lines as a group had significantly higher fkpA expression and significantly lower ppiD expression ( Table 2 ), suggesting that evolution at 41.5°C favored a shift in the relative abundance of these functionally similar proteins. The promoters for these two protein-folding catalysts are recognized by different RNA polymerases: fkpA by E , and ppiD by both H and the Cpx twocomponent system (14, 15, 34) . The increased expression of rpoE, which encodes E , may have contributed to the increased expression of fkpA.
The heat-inducible candidates encode proteins that function in the cytoplasm, membrane, or periplasm (Table 1 ). It appears that the evolved response was focused on the expression of those genes encoding periplasmic functions. Three of the four genes with periplasmic functions (fkpA, ppiD, rpoE, but not htrA) evolved significant changes in expression in the hightemperature lines as a group, in contrast with only 4 of the 31 cytoplasmic and membrane-associated genes (clpP, gapA, hslT, htpX). This difference is supported by a chi-square test (P Ͻ 0.005), and it suggests that genes involved in the less studied extracytoplasmic stress response may play larger roles in long-term adaptation to high temperature than those genes in the well-characterized cytoplasmic stress response.
The evolved lines showed no overall trend toward higher or lower expression of the 35 heat-inducible candidate genes as a group relative to the ancestor. Heat-inducible genes with increased, decreased, and unchanged expression relative to the ancestor were all encountered, as discussed earlier. A potential problem with full-length ORF arrays is cross-hybridization of a given labeled cDNA probe with several ORFs on the array. This cross-hybridization may cause ORFs with high sequence similarity to show correlated changes in expression (36) . However, an analysis of the 35 candidate genes studied here indicates that none has high DNA homology with other E. coli genes.
Evolved Changes in Gene Expression in Other Systems
Only two previously published studies have used DNA arrays to quantify changes in gene expression during experimental evolution, and neither one involved adaptation to thermal stress (12, 19) . One examined three lines of yeast that had evolved in glucoselimited cultures (19) . That work was the first in which arrays were used to study evolved responses, in contrast to acute changes in expression produced under different culture conditions. This yeast study found parallel expression changes across lines in a number of genes involved in efficient glucose utilization. No formal statistical tests were used in this earlier study, which relied on proportional changes in expression level. The design in our study used threefold replication of each evolved and ancestral clone, which provided information on both the magnitude of any expression change and the experimental error inherent in measuring that change. Given this replication, formal statistical tests were used to identify genes for which expression patterns had evolved. This approach allowed us to identify not only genes undergoing parallel changes across independently evolved lines, but also genes whose expression levels had diverged in replicate evolved lines. For example, the expression of htpX differed between lines 42-1 and 42-2 (P Ͻ 0.005).
The other published study using genomic arrays to investigate evolved changes in gene expression employed E. coli strains closely related to those in this study (12) . In particular, this earlier study compared the expression profiles of two lines that evolved at 37°C for 20,000 generations and their ancestor. The ancestor of the 37°C-evolved lines is strain REL606, from which the ancestor of the high-temperature lines was also derived following 2,000 generations at 37°C (Fig. 1) . As with our study, this earlier study used replication and formal statistics to identify genes that underwent significant changes in expression. But unlike our study, the 37°C selection regime did not suggest any obvious pool of candidate genes. The authors of this earlier study therefore considered all of the genes in the genome, then narrowed their focus to those genes that exhibited significant changes in both evolved lines. Strikingly, all 59 genes identified by this criterion showed parallel changes, in which both lines independently evolved either increased or decreased expression (12) . Only one of the 59 genes, rpoD, that evolved such parallel changes in expression at 37°C was a heat-inducible candidate in this study, indicating the distinctive nature of these selection regimes that were identical in all respects except temperature (and duration). Moreover, the expression of rpoD declined significantly at 37°C (12) but was constant during evolution at 41.5°C (Table 2 ), providing further evidence that this small temperature difference and temperature approached the upper thermal niche substantially alter selection on patterns of gene expression.
Inducible Thermotolerance
In addition to examining changes in the expression of heat-inducible genes in the high-temperatureevolved E. lines, we also measured inducible thermotolerance, which is perhaps the most widely studied aspect of the stress response. Survival during exposure to a lethal temperature following acclimation to a high, but nonlethal, temperature was significantly greater in the evolved lines than in their ancestors. Our study is similar in this respect to a study of D. melanogaster that found evolutionary changes in inducible thermotolerance in laboratory lines under high-temperature selection (25) .
Comparative studies have identified differences in the induction temperature and duration of the stress response in organisms from various habitats (22, 42) . Many of the studies have focused on threshold temperatures of heat-shock induction, and some have suggested that these induction temperatures are genetically hardwired (16, 17, 27) . In Drosophila, investigations of stress-response regulation have identified changes in heat-shock activation temperature during laboratory evolution, as well as naturally occurring P-element insertions that are responsible for decreases in heat-shock protein expression (30, 46) . These studies have contributed to an understanding of stress genes and proteins as well as their regulation and evolution. However, most such studies have focused on single genes, proteins, or regulatory elements, whereas expression arrays have allowed us to identify the relative importance of the extracytoplasmic stress response along with the cytoplasmic stress response in the adaptation to high temperature.
Conclusions
This study extends previous work on experimental lines of E. coli that evolved at high temperature by simultaneously measuring changes in expression levels of 35 heat-inducible candidate genes. We found some evolutionary changes in common across all replicate lines, whereas other changes were seen in only some of the lines. By examining this entire suite of genes, we expose the complicated evolution of their expression, which may be overlooked when examining the response of only one gene or protein at a time. Although we focused on changes in mRNA concentrations, and hence transcription, of heat-inducible genes during evolutionary adaptation to high temperature, further studies on protein synthesis and abundance would be complementary. An important feature of our study is that we focused on candidate genes identified by previous research; this focus facilitated data analysis, hypothesis testing, and interpretation. Finally, our study complements previous research on the acute acclimation response to thermal stress by examining the much slower, but also more persistent, evolutionary response. The fact that we found a significantly higher proportion of evolved changes in the expression of these candidate genes, relative to the background pool of noncandidate genes, demonstrates important overlap between these short-and long-term responses. By contrast, the absence of an overall evolutionary increase in the expression of these heat-inducible genes highlights important differences between phenotypic acclimation and genetic adaptation and the fact that the evolutionary response could be in the opposite direction as the acclimation response.
